A method to determine the kinetic freeze-out temperature in heavy-ion collisions from measured yields of short-lived resonances is presented. The resonance production is treated in the framework of thermal model with an evolution between chemical and kinetic freeze-outs. The yields of many shortlived resonances are suppressed at T = T kin < T ch . A fit of T kin allows to describe the abundances of both, the stable hadrons and the short-lived resonances, like ρ 0 and K * 0 , as measured by the ALICE collaboration at the LHC as a function of centrality. This allows to extract T kin from the measured hadron and resonance yields alone, independent of assumptions about the flow velocity profile and the freeze-out hypersurface. The extracted T ch values exhibit a moderate multiplicity dependence whereas T kin drops, from T kin T ch 155 MeV in peripheral collisions to T kin 110 MeV in 0-20% central collisions. Predictions for other short-lived resonances are presented. A potential (non-)observation of a suppressed f0(980) meson yield will allow to constrain the lifetime of that meson.
Introduction. Relativistic heavy-ion experiments at the Schwerionen Synchrotron (SIS), the Super Proton Synchrotron (SPS), the Relativistic Heavy Ion Collider (RHIC), and the Large Hadron Collider (LHC) provide a rich dataset of spectra and abundances of identified particles [1, 2] . This includes both, the long-lived and short-lived hadrons. The abundances of stable hadrons agree quite well with a thermal model calculation, characterized by the chemical freeze-out temperature T ch 150−160 MeV [2] [3] [4] [5] . The yields of short-lived resonances, like K * or ρ, are significantly overpredicted by the thermal model [6] [7] [8] [9] , indicating a presence of an additional mechanism which suppresses these yields. This suppression is attributed to the existence of a hadronic phase. The expanding system seems to maintain kinetic (but not chemical) equilibrium after the chemical freeze-out down to a kinetic freeze-out temperature T kin < T ch .
The kinetic freeze-out temperature has often been extracted from blast-wave fits to the p T spectra of stable hadrons. This procedure assumes an interplay of a particular flow velocity profile and a kinetic freezeout hypersurface. Cylindrically-symmetric blast-wave models are often used [10] , which yield T kin ∼ 100 MeV for the most central collisions at LHC [11] , RHIC [2] , and SPS [12] . However, different freezeout geometries can lead to different conclusions [13] . This Letter presents a novel procedure on how to extract T kin . The method is independent of assumptions about the flow velocity profile and the freeze-out hypersurface.
Methodology. The observed suppression of "thermal" resonance yields is usually attributed to rescattering of one of the decay products. Then these shortlived resonances can no longer be identified in invariant mass measurements. Hence, this looks like the "observed" resonance yields are suppressed. Transport model simulations of the hadronic phase, after the chemical freeze-out, support that simple "afterburner" explanation [14, 15] . The scattering cross sections of various elastic meson-meson and mesonbaryon reactions are dominated by the formation of intermediate short-lived resonance states [16] . Common examples are ππ → ρ → ππ, πK → K * → πK, and πN → ∆ → πN. Rescattering of a resonance decay product is likely to regenerate a resonance. Transport models [15] indeed show that repeated resonanceformation dominates pure elastic meson-meson and meson-baryon rescatterings in the hadronic phase.
The resonance-forming pseudo-elastic reactions obey the law of mass action during the hadronic phase. They are the primary driver for maintaining the kinetic equilibrium in expanding systems, and lead to the following scenario:
• At the chemical freeze-out, at T = T ch , the inelastic reaction rates drop out of equilibrium.
The total yields of all stable hadrons become frozen. The total hadron yield corresponds to the sum of the yields of primordial hadrons and those which stem from decays of short-lived resonances. The final abundances of stable hadrons are described by the standard chemical equilibrium thermal model.
• The system then expands and cools isentropically, until the kinetic freeze-out temperature T kin < T ch is reached. This stage is identified with the hadronic phase. It is modeled by a concept of partial chemical equilibrium (PCE) [17] . The decays and the regenerations of the shortlived resonances obey the law of mass action, i.e. the abundances of the different resonances stay in equilibrium with those particles which are formed in the decays of these resonances.
• The remaining resonances then decay after the kinetic freeze-out. Their decay products do not rescatter and the resonance regeneration ceases to occur. The resonance abundances at T = T kin are identified with those measured experimentally.
The thermodynamic properties of the system in the hadronic phase are often described by a hadron resonance gas (HRG) model in PCE [17] [18] [19] [20] [21] . The effective chemical potentialsμ j of all species are thus given bỹ
The index i runs over all particles, whose final abundances are frozen at T = T ch . These hadrons are identified with the ones stable w.r.t. strong decays, i.e. π, N, η, η , K, Λ, Σ's, Ξ's, Ω, as well their antiparticles. 1 µ i are the chemical potentials of particles considered stable. n i j is the mean number of hadron species i resulting from decays of hadron species j. The PCE evolution of the system follows from the conditions of the conservation of the total yields of the stable hadrons after the chemical freeze-out, which implies an isentropic expansion of an ideal fluid:
These equations provide the chemical potentials µ j and the system volume V during the system's expansion. The index j runs over all hadrons and resonances in the list, n j and s j are the grand-canonical number-and entropy densities of the hadron species j in the multi-component ideal hadron gas, N tot i (T ch ) and S(T ch ) are, respectively, the total yield of stable hadron species i and the total entropy of the system during the whole expansion. We use the energydependent Breit-Wigner (eBW) scheme for modeling the spectral functions of all resonances [22] . The energy dependence of branching ratios is neglected. The PDG branching ratios are used throughout to evaluate n i j . Excluded-volume and strangeness undersaturation effects are omitted unless stated otherwise. The calculations are performed using the open source Thermal-FIST package [23] , which contains the numerical implementation of the PCE-HRG model defined above.
The numerical solution of Eqs. (2) and (3) yields the temperature dependence of the volume V and of the chemical potentialsμ j of all the species during the hadronic phase. For the LHC energies this dependence was presented in Ref. [24] . Ref. [24] also emphasized that the yields of short-lived resonances are not conserved during the hadronic phase, but are suppressed as the system cools down. This is used here to extract the kinetic freeze-out temperature from experimental data.
Data analysis. The kinetic freeze-out temperature is determined for 2.76 TeV Pb-Pb collisions at the LHC by performing PCE-HRG model fits to the measured yields of pions, kaons, protons, Λ, Ξ, Ω, φ, K S 0 , K * 0 , and ρ 0 , of the ALICE collaboration, for 0-20%, 20-40%, 40-60%, and 60-80% centralities [1, 8, 9, 25, 26] . The yields are symmetrized between particles and antiparticles, i.e. we assume µ B = 0. Three fit parameters are employed: the chemical freeze-out temperature T ch and volume V ch , and the kinetic freeze-out temperature T kin . The single freeze-out scenario, T kin = T ch , is also analyzed. All the abundances of all species are, in this single freeze-out scenario, described by the chemical equilibrium ideal HRG model. The fit results are exhibited in Table I . The centrality dependencies of both T kin and T ch are shown in Fig. 1 as a function of the charged particle multiplicity dN ch /dη [27] . The fit parameter errors are obtained by analyzing the χ 2 profiles. The error bar of T kin is asymmetric for the 60 − 80% centrality because of the restriction T kin ≤ T ch .
The single freeze-out scenario cannot describe simultaneously the yields of stable hadrons and short- T kin T ch = 155 MeV for 60-80% centrality. This result indicates the existence of a hadronic phase in heavy-ion collisions, a rather long-lived one in central collisions and a short-lived one in peripheral collisions.
Let us compare these results to the T kin values resulting from blast-wave model fits [10] to the p T spectra of pions, kaons, and protons, as presented by the ALICE collaboration in Ref. [1] (red symbols in Fig. 1 ). Our results are in fair agreement with this analysis, although the T kin values of Ref. [1] are on the lower side of our error bands. Recent blast-wave model studies [28, 29] take into account modifications of the p T spectra due to resonance feeddown. The T kin values of Ref. [28] lie considerably closer to T ch than in the present study, whereas Ref. [29] reports a much smaller value T kin 80 MeV for most central collisions. None of those above three analyses does incorporate constraints from the data on short-lived resonances, in contrast to the study presented here. The results of Refs. [1, 28, 29] depend strongly on the validity of the blast-wave model's assumed velocity profile and freeze-out hypersurface. The large spread of the T kin values reported in the literature is an indication of significant systematic uncertainties which plague the blast-wave model approach. The concept presented here is free of these issues.
The systematic uncertainties associated with the implementation of the HRG model itself deserve attention. In addition to the eBW scheme, we considered also the zero-width treatment of resonances. The extracted T ch and T kin values are, respectively, about 2-3 MeV smaller and 5 MeV larger in the zero-width case than in the eBW case. The fit quality worsens for all centralities (except for the most peripheral bin). This is mainly a consequence of the increased proton yield in the zero-width scheme. The effects of incomplete strangeness equilibration are studied by introducing a strangeness saturation parameter, γ S ≤ 1 [30, 31] . This has a notable influence on the most peripheral (60-80%) bin only. Here, γ S 0.85, and the extracted χ 2 value decreases by about a factor of two, while T ch increases to about 160 MeV. The incomplete strangeness equilibration is in line, at the LHC in small systems, with previous statistical model analyses of the LHC data [32] [33] [34] .
Excluded volume corrections are often incorporated into the HRG model, and can have a sizable influence on thermal fits to the data [35] [36] [37] . A moderate excluded volume correction is considered here by repulsive (anti)baryon-(anti)baryon interactions with a baryonic eigenvolume parameter b 1 fm 3 . This is motivated by the analysis of lattice QCD data on baryon number susceptibilities [38] and Fourier coefficients [39] . The excluded-volume PCE-HRG model fits yield T ch and T kin values which are, respectively, about 2-3 MeV larger and 2-3 MeV smaller than in the ideal HRG case. The changes in the χ 2 values are insignificant.
Yields of light nuclei are often considered in the thermal model HRG approach [40] . Within the PCE-HRG framework one can either treat the nuclei as stable species whose yields are frozen at T ch or one accepts that these fragile objects can be destroyed and regenerated during the evolution in the hadronic phase. In the latter case the nuclear abundances are in equilibrium with the abundances of their constituents, as follows from the Saha equation (see Ref. [24] for details). We verified that the available data on light nuclei production in 0-20% central Pb-Pb collisions are well described in both scenarios.
Predictions. Various resonance-to-stable hadron yield ratios can be analyzed in the PCE-HRG picture.
The resonances which can prospectively be measured are particularly interesting. Specifically, the behavior of ratios φ/π, ω/π, ρ/π, ∆ ++ /p, K * 0 /K − , f 0 (980)/π, Σ(1385)/Λ, Λ(1520)/Λ, Ξ(1530) 0 /Ξ, and Ξ(1820)/Ξ, is studied here at the LHC conditions (µ B = 0). Given the mild centrality dependence of the extracted chemical freeze-out temperature, here we fix T ch = 155 MeV and study the dependence of the ratios on T kin only. 2 All ratios are normalized by their values at T ch = 155 MeV in order to eliminate the influence of effects not related to the hadronic phase dynamics. These double ratios quantify the suppression of resonance yields in (semi-)central collisions, where T kin < T ch , relative to the most peripheral collisions (or, alternatively, to a pp/pA baseline), where T kin T ch . The T kin dependence of the above-listed double-ratios is depicted in Fig. 3 .
The yields of long-lived resonances φ (τ ≈ 46 fm/c) and Ξ(1530) (τ ≈ 22 fm/c) change little in the PCE-HRG picture for T kin 100 MeV, even though this scenario assumes equilibrium of these long-lived resonances with their decay products. Thus, an absence of suppression of the yields of these two resonances does not necessarily implies that these objects do not interact after the chemical freeze-out. The long-lived ω meson (τ = 23 fm/c), on the other hand, would be notably suppressed in central collisions if it interacts in the hadronic phase.
The short-lived ρ 0 (τ = 1.3 fm/c) and K * 0 (τ = 4.2 fm/c) meson yields exhibit a significant suppression as T kin is lowered, as elaborated earlier. On the other hand, the yields of short-lived baryonic resonances ∆ ++ (τ = 1.7 fm/c) and Σ(1385) (τ = 5 fm/c) change only mildly. For T kin = 100 MeV one observes only a 10-15% suppression in the ∆ ++ yields and virtually no change for Σ(1385). Thus, if the mild system-size dependence of the yield ratios involving these resonances will indeed be observed experimentally, such an observation cannot be interpreted as an evidence against the existence of a long-lived hadronic phase. The presented observations are qualitatively consistent with prior results of Monte Carlo simulations of heavy-ion collisions employing the hadronic afterburner UrQMD [14] .
A particularly interesting case is the scalar f 0 (980) meson. The nature of f 0 (980) is not established and its lifetime is not constrained. The PDG listing [16] gives Γ f0 ∼ 10-100 MeV. This corresponds to a lifetime between about 2 and 20 fm/c. In the former case, the lifetime is shorter than the lifetime of the hadronic phase and the PCE-HRG model assumption of detailed balance between decays and regenerations of f 0 (980) is justified. Figure 3 shows that the f 0 (980)/π ratio will be significantly suppressed in such a case if the hadronic phase is long-lived, e.g. the ratio drops by about a factor three for T kin = 100 MeV. On the other hand, if the f 0 (980) lifetime is large, then it is more reasonable to expect that its yield is frozen at T ch and will not be modified appreciably in the hadronic phase. The measurements of the f 0 (980)/π ratio in heavy-ion collisions at different centralities at the LHC (or RHIC) can thus provide an indirect information on its lifetime: A significant suppression of the f 0 (980)/π ratio in central collisions relative to peripheral ones can be interpreted as evidence for a short f 0 (980) lifetime. An absence of such suppression, on the other hand, favors a large f 0 (980) lifetime. Summary and conclusions. We developed a novel method to extract the kinetic freeze-out temperature in heavy-ion collisions based on the yields of shortlived resonances. This method, which employs hadron resonance gas model in partial chemical equilibrium, is agnostic to the assumptions regarding the flow velocity profile and the freeze-out hypersurface, that plague the commonly performed fits to the p T spectra. The analysis of ALICE data on Pb-Pb collisions at the LHC yields a moderate multiplicity dependence of T ch whereas the kinetic freeze-out temperature drops from T kin T ch 155 MeV in peripheral collisions to T kin 110 MeV in 0-20% most central collisions. This result is in qualitative agreement with prior studies employing the blast-wave model fits.
It is shown that not all short-lived resonance exhibit a suppression of their yields due to a long-lasting hadronic phase: In contrast to ρ 0 and K * 0 mesons, the yields of baryon resonances ∆ ++ and Σ(1385) change little in the hadronic phase. We point out a possibility to constrain the lifetime of f 0 (980) meson: A (non)observation of a suppressed f 0 (980)/π ± ratio in central collisions favors a long (short) f 0 (980) lifetime.
